Geostatistics as a methodology for studying the spatiotemporal dynamics of Ramularia areola in cotton crops. Geostatistics is a tool that has been used to study plant pathology, by modeling the spatiotemporal pattern of diseases, generating hypotheses about their epidemiological aspects in order to use tactics and strategies of rational control. The objective of this study was to use geostatistics to study the spatiotemporal dynamics of Ramularia areola in cotton crops. The experiment was conducted at the experimental area of Mato Grosso State University-Tangará da Serra campus, and arranged in a 2 × 3 factorial design, with randomized blocks, with two spaicngs (0.45 and 0.90 cm) and three conditions of soil coverage (no cover, P. glaucum and C. spectabilis). Geostatistical analysis of data was performed using data from temporal and spatial progress of R. areola, obtained through assessments of the incidence and severity of the disease in plants, and spatial dependence, and analyzed using semivariogram fittings. Through the isotropic exponential semivariogram model, it was possible to check the distribution pattern and spatial dependence of Ramularia leaf spot. Spatial dependence was observed for the disease-moderate to strong for most data evaluated. The pathogen spread from the primary source of inoculum, from the center * Corresponding author.
Introduction
The onset of plant diseases has become one of main challenges to the establishment of cotton crops in several regions of Brazil and worldwide [1] .
Likewise, Ramularia leaf spot (Ramularia areola G.F. Atk., [syn. = Ramularia gossypii (Speg.) Cif., Cercosporella gossypii Speg.]) has been regarded as a limiting factor for cotton crops in practically all producing regions of Brazil, particularly in the Center-West. It can lead to premature defoliation and losses of up to 30% if control measures are not taken [2] . In rainy periods, it can cause parts of branches closer to the ground to rot [3] .
This disease occurs from the start of the crop cycle, with symptoms like angular lesion between veins, initially between 1 and 3 mm, white in color, then later yellowish with powdery aspect and characterized by pathogen sporulation [4] .
Due to variation in the infectious process of R. areola, as well as the lack of more information on this topic [1] , further studies are required to provide more detailed knowledge on this disease over time and space [5] .
In that regard, geostatistics has been used to study plant pathology in order to analyze the spatial distribution of disease outbreaks, by selecting rational tactics and strategies for control, with the lowest cost-benefit ratio and environmental impact [6] [7] .
Geostatistics is regarded as a set of techniques for estimating regional and spatial values of attributes or traits over a given area [8] [9] , and is applied to model the spatiotemporal pattern and generate hypotheses on epidemiological aspects of plant diseases from the aggregate pattern of the inoculum and disease [10] .
According to Andriotti [11] , geostatistics techniques can be used to describe and model spatial models (variography), to predict values at non-sampled locations (kriging), obtaining the uncertainty associated with an estimated value at non-sampled locations (Krigagem variance), and optimizing sampling grids, in which its advantages over other conventional interpolation techniques are the study of spatial variability, smoothness, declustering, anisotropy determination, precision and uncertainty.
In studies on the spatiotemporal dynamics of diseases associated with Colletotrichum spp., transmitted by seeds, [12] were able to analyze the spatial dependence and aggregate pattern of outbreaks in function of the source of point-type inoculum, and also observe anthracnose dispersal strategies involving the formation of a secondary inoculum, with expressive severity, but distant from the primary inoculum source.
In this context, Araújo et al. [13] and Pinto et al. [14] , using methods based on quadrat maps and ordinary run analysis, respectively, to describe the dispersal pattern of fungi from seeds, observed that in these methods the distance between observations was not considered, and that observations on pathology systems were often limited, leading those authors to highlight the need to use geostatistics.
As such, the objective of this work was to use geostatistics to study the spatiotemporal dynamics of R. areola in cotton crops.
Materials and Methods

Procedures
The experiment was carried out at the experimental area of Mato Grosso State University-Tangará da Serra campus-Mato Grosso State, Brazil, located at 14˚38'52.19''S and 14˚38'57.80''S and 57˚25'52.38''W and 57˚25'51.85''W, at an altitude of 320 meters. It used randomized blocks in a 2 × 3 factorial design, with two spacings (0.45 m and 0.90 m) and three soil cover conditions (no cover, Penisetum glaucum L. and Crotalaria spectabilis L.) with four replications.
The soil in the experimental area was classified as a clayish dystroferric Red Latossol [15] . Fertilization was carried out in the rows (P) and in cover of (N and K), at 30 and 45 days after sowing (DAS), respectively, in function of the nutritional requirements of the crop and chemical analysis of the soil, which showed adequate nutrient levels overall ( Table 1) . Plot size was 7 m × 7.20 m and the useful area under evaluation was 5.0 m long, using six and 14 useful area rows, according to their respective spacings. A border was set at 1.0 m long, with a border strip in width on each side, while the space between blocks and plots was 2.0 m and 0.50 m, respectively.
The variety chosen was FMT 701, which features a late cycle and is moderately susceptible to ramularia leaf spot [16] . R. areola was inoculated in plants within 1 m² of the center of each plot, making it a point-type inoculum source [17] , 60 days after sowing, at the start of the reproductive stage (B1) of plants. The inoculum was obtained by wetting the leaves of the cotton plant using a brush, in an Erlenmeyer flask containing distilled water. The spore suspension was adjusted to the concentration of 10 4 conidia mL −1 of distilled water [18] , with the aid of a Neubauer chamber.
The evaluations regarding the progress of the disease began with the first symptoms and lasted until the plants were harvested. These evaluations took place weekly in ten marked plants per plot, according to a systematic sampling [18] based on a diagram scale adapted from Aquino et al. [19] , with nine levels of severity: 1 = leaves with 0.05% of symptoms, 2 = leaves with 0.50% of symptoms, 3 = leaves with 1.0% of symptoms, 4 = leaves with 2.0% of symptoms, 5 = leaves with 4.0% of symptoms, 6 = leaves with 8.0% of symptoms, 7 = leaves with 16% of symptoms, 8 = leaves with 32% of symptoms, 9 = leaves with 67.20% of symptoms.
Geostatistic Analysis
Geostatistics was used to study the spatial variability of R. areola and to define the semivariogram model to be used and the fitting method that best described the variability in the data. The spatial dependence of the transmissibility of ramularia leaf on plants was analyzed by fitting semivariograms, while the geostatistic analysis of the data was carried out from the values of the severity scores obtained at the different evaluation periods [7] .
The exponential isotropic semivariogram theoretical model used herein was defined by Diggle & Ribeiro Junior [20] :
in which: h is the distance and a is the range.
The fit of the models was chosen given the parameters of the semivariograms, the coefficients of determination (R²), the sum of squares of the residue and self-validation (Jack-knife) [12] . The parameters of the semivariograms were represented by the nugget effect (C 0 ), baseline (C 0 + C) and Range (a). Surfer 10 software was used to generate the semivariograms, carry out kriging interpolation in 2 × 2 blocks with 16 neighbors, and to obtain two-dimension maps [21] .
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Very High was used, considering values up to 25% as strong, 25% to 75% as moderate, and weak above 75% [22] . In order to use the kriging technique and obtain satisfactory accuracy and precision, there must be a spatial dependence defined by the semivariogram [23] .
Results and Discussion
The development of the disease was also monitored through baseline (C 0 + C) and range (a) values, according to evaluation period, indicating growing disease severity and higher number of sick plants starting from the primary inoculum source, according to the spatial progress of the disease in the field. The variographic models made it possible to observe spatial dependence and the dispersal pattern of R. areola leaf spot, of which the exponential isotropic semivariogram model best fit the development of the disease at all evaluation periods ( Table 2) .
The values for range, which represented the distance threshold in which there is still spatial dependence between samples, showed variations between the evaluation periods, reaching levels between 0. Analyzing the values of range, Biffi & Rafaeli Neto [24] observed in studies on the spatial behavior of agronomic variables of apples that range values were greater than 500 m and 300 m for fruit weight per plant (FWP) and number of fruits per plant (NF), respectively-numbers were higher than the study area. This indicated greater spatial continuity among these variables, according to the authors. Noetzold [25] also found range values that were larger than the size of the plots, using the maximum likelihood method (ML).
It was observed that treatment T3 showed the range with increasing values (ranging from 0.001 m and 39.96 m), as a function of the increase in inoculum, confirming the aggressiveness of the pathogen and indicating the radius of the reach of spatial dependence in the transmissibility of R. areola to other plants.
The R² values found in this work stood below 27%, and were therefore considered low ( Table 2) . A similar result was observed in the work by Dinardo-Miranda et al. [26] , who evaluated the spatial distribution of Mahanarva fimbriolata (Stâl., 1854) in sugar cane, on a field under mechanized harvest of raw cane, finding that R² values was below 40%.
Although the R² values had been considered low, they were validated through the Jack-knife test, which confirmed the consistency of the estimated parameters with the model chosen.
The relationship between nugget effect (C 0 ) and baseline (C 0 + C) showed that the strength of the degree of spatial dependence of the disease ranged between moderate (45.8%) and strong (50%), as per Cambardella et al. [22] , throughout all four evaluation periods, with a report of weak spatial dependence of the disease in only one treatment (T4), which for its part showed the highest value for nugget effect (6.06) and range (92.00 m) of the experiment.
These results could be compared with Alves et al. [12] studies on bean anthracnose (Colletotrichum lindemuthianum) (SACC. & MAGN.) and grey mildew (Colletotrichum gossypii South var. cephalosporioides A. S. Costa), which found spatial dependence of both diseases, whose range and baseline values corresponded to the progress of the disease on the field as a function of the evaluation periods. They also observed a degree of dependence similar to that found in this study, ranging from moderate to strong in the behavior of grey mildew.
According to Valeriano & Santos [27] , data featuring a high nugget effect (in relation to the baseline obtained) indicated low spatial dependence and required greater care for their specialization and subsequent mapping.
Spatial dependence was also observed by Alves et al. [7] , working with coffee berry borer (Hypothenemus hampei, Ferrari 1867) (Coleoptera scolytidae) and brown eyespot (Cercospora caffeicola). In that study, the best fitting model was the isotropic spherical semivariogram, explained by the high R² values obtained.
The spatial variability of the disease was analyzed though Kriging maps in all four evaluation periods, at 72, 82, 104 and 111 days after sowing (DAS), and was first detected at 72 DAS.
Overall, occurrence of the disease started from a point-type primary inoculum, and starting at 82 DAS a secondary inoculum of the disease began to form, as a result of the pathogen being disseminated to the other plants (Figure 1 and Figure 2) .
These results can be explained by the characterization of ramularia leaf spot as a polycyclic disease, featuring several cycles of pathogen infection, in which plants infected at the start of the cycle serve as sources of the pathogen inoculum for later infections during the same crop cycle of the host [28] . Moreover, it is necessary to evidence characteristics regarding the sporulation pattern of pathogens that occur in warm climates (tropical and subtropical climates), considering that they show a daily spore production curve with several peaks of maximum sporulation, distributed throughout the infective period, thus guaranteeing the dispersal of the disease [29] .
Later, at 104 DAS, greater spatial variability of the disease was seen towards the edges of the plot and further from the point-type inoculum source, causing the false impression that there had been a marked reduction in the disease at the central portion of the plot. However, that situation could be justified given the leaf loss that occurred in the bottom of the plant. Defoliation is one of the main damages caused by ramularia leaf spot, particularly in microclimatic conditions ideal to disease infection, especially in the lower third of plants, caused by the closing of the canopy and by favorable moisture and temperature conditions [1] [2] [19] .
For the last evaluation period (111 DAS), the different foci of the diseases ended up merging given the intense severity of the disease, progressing towards the entire plot. The fact that the disease "returned" to the center of the plots was due to improved moisture and temperature conditions within the plots compared to their edges, following the closing of plant canopies-a factor that led to a microclimate favorable to the progress of the disease [3] .
Analyzing the maps more specifically with regard to the different treatments, it was possible to observe visual differences in the behavior of the disease in the plots according to evaluation periods. Relevance in these observations was seen in T1 (no cover, 0.45) when compared to the other treatments, with a possible "reduction" in the disease from the first to last evaluation period, especially when the same cover condition was observed; however, no "reduction" of the disease was seen in the plots over time with regard to the 0.90 m spacing in T4.
So, these observations can be justified as a result of the defoliation that initially occurred in the lower third of the plants, as a consequence of the marked severity of the disease, considering the moisture accumulated in the lower part of the plant canopy, and due to dense cropping (0.45 m) that caused earlier shading in the crop [3] .
Nevertheless, when observing the overall behavior of the disease, spatial dependence was found between the sampled plants, indicating the range of pathogen transmissibility, starting from the source of the primary inoculum of the disease, at the center of the plots, towards the edges, coalescing throughout the plot. In this work, although R² values detected stood below 27%, "Jack-kinfe" test however, validated the parameters estimated using exponential isotropic model.
